This study investigates the association of PD-L1 expression and immune cell infiltrates and their impact on clinical outcome, in addition to their overlap with microsatellite instability (MSI), HER2 and ATM molecular subgroups of gastric cancer (GC). PD-L1 membrane expression on tumour cells (TC) and infiltrating immune cells (IC), CD3 + T-lymphocytes, CD8+ cytotoxic T-cells, ATM and HER2 were assessed by immunohistochemistry (IHC) in the ACRG (Asian Cancer Research Group) GC cohort (N = 380). EBV status was determined using in situ hybridization and MSI status was performed using PCR and MLH1 IHC. The PD-L1 segment was associated with increased T-cell infiltrates, while the MSI-high segment was enriched for PD-L1, CD3, and CD8. Multivariate analysis confirmed PD-L1 positivity, high CD3 and high CD8 as independent prognostic factors for both disease-free survival and overall survival (all p < 0.05). Patients with MSI-high tumours had better overall survival by both univariate and multivariate analysis. The ATM-low and HER2-high subgroups differed markedly in their immune profile; the ATM-low subgroups enriched for MSI, PD-L1 positivity and CD8 + T-cells, while the HER2 segment was enriched for MSS, with no enrichment for immune markers. Hence, we demonstrate a molecular profiling approach that can divide GC into four molecular subgroups, namely ATM-low, HER2-high, PD-L1 positive and MSI-high with differing levels of immune infiltrates and prognostic significance which may help to stratify patients for response to targeted therapies.
Introduction
Gastric cancer (GC) is the fifth most common malignancy worldwide, the third leading cause of cancer mortality, and occurs with a high incidence in East Asia. 1 GC is often diagnosed at an advanced stage, for which therapeutic options are largely limited to cytotoxic chemotherapy and five-year survival is less than 20%. 2 Despite the availability of Trastuzumab for use in human epidermal growth factor receptor 2 (HER2)-positive disease and the anti-VEGFR2 antibody ramucirumab for use as a second line therapy, prognosis remains poor, with an urgent need for effective targeted therapies and an understanding of those patients most likely to benefit. [2] [3] [4] The interaction of programmed cell death-1 (PD-1) on T-cells with its ligand, programmed cell death ligand-1 (PD-L1) on immune and tumour cells, limits T-cell mediated responses. 3 Immune checkpoint blockade with anti-PD1 or anti-PD-L1 antibodies is emerging as a promising therapeutic approach for several cancer types, including non-small cell lung cancer (NSCLC), [4] [5] [6] melanoma, 7 bladder 8 and renal cancer. 9 In early clinical studies anti-PD-1 therapies, including pembrolizumab 10 have reported promising efficacy in metastatic GC and recently, a phase III trial comparing nivolumab versus best supportive care in the salvage setting demonstrated survival benefit in GC. 11 Tumour PD-L1 expression is being explored as a predictive biomarker for response to these agents, 10, 12 however not all PD-L1 positive patients respond and responses occur in patients with PD-L1 negative tumours, hence alternative markers are required. Microsatellite instability (MSI) predicts response to PD-1/PD-L1 blockade, 13 potentially related to the high mutational burden and neoantigen generation associated with MSI-high tumours 14 and approximately 22% gastric tumours are MSI-H. 13, 15 Another pathway, with the potential to modulate the response to immune checkpoint inhibition, is the cellular DNA damage repair pathway, which is necessary to maintain genome stability and in which the ataxia-telangiectasia-mutated (ATM) kinase plays an essential role. 16 Loss of function variants in ATM confer an increased risk of GC 15 and approximately 10% to 20% of GCs have low or undetectable ATM expression as assessed by immunohistochemistry (IHC) and this subtype is enriched with MSI. 17, 18 Based on the association with the cellular DNA damage response and mismatch repair, we hypothesized that the ATM low could be an immunologically primed subtype.
Here we have assessed the association of PD-L1 expression and immune cell infiltrates with clinicopathological features and outcome and investigated the overlap of these with MSI-high, ATM low and HER2-high segments. In addition, we have correlated the peritumoral immune cell infiltrates according to gene expression based molecular classifications in GC. 19 
Results

Patient and tumour characteristics
We procured 380 primary GC specimens at the time of total or subtotal gastrectomy from Samsung Medical Center. We selected the cases based on > 60% histological purity and sufficient tumor blocks for additional immunohistochemistry (IHC). Of 380 specimens, 300 samples were previously profiled with gene expression signatures. 19 The remaining 80 specimens were not qualified for gene expression profiling but qualified for further IHC staining, thus included in this study (Sup. Figure 1 ). Patient and tumour characteristics of this Korean GC cohort (n = 380) are summarized in Table 1 . Of 380 specimens, there was a good balance of tumours representative of the two major Lauren subgroups, with 45.5% (n = 173) intestinal and 51.1% (n = 194) diffuse type and the remainder comprised of 2.9% mixed subtype and 0.5% indeterminate subgroups. The frequency of EBV positive tumours was 6.6% (n = 25). Tumours with high HER2 expression assessed by immunohistochemistry (IHC 3+) occurred with a frequency of 7.2% (n = 27).
Prevalence of PD-L1, CD3 and CD8 T-cells in GC
PD-L1 expression on both the tumour cell (TC) membrane compartment and infiltrating immune cells (IC) was assessed by IHC analysis and PD-L1 positivity was defined as ≥ 1% of cells staining positive. This showed that 16.4% of tumours (62/379) scored positive for PD-L1 TC expression, while 90.2% (339/376) were positive for PD-L1 IC expression (Table 2 ). CD3 expression was assessed as a marker of global T-lymphocytes and CD8 expression as a marker of cytotoxic T-cells. Cut-offs for defining CD3 and CD8 high versus low were identified by investigating the associations between outcome and CD3 or CD8 positive cell count, where the cut-off giving the largest significant survival hazard ratio was selected (in silico validation Sup. Figure 2 ). Using these cut-offs of 500 cells/mm 2 to define low versus high CD3 and 600 cells/ mm 2 for low versus high CD8 expression, high CD3 expression was observed in 69.7% (242/347) tumours, while high CD8 expression was observed in 25.6% (89/347) of tumours ( Table 2) . A positive correlation was observed between CD3 high and CD8 high tumours (p < 0.01; data not shown). Increased TC or IC PD-L1 staining were significantly associated with increased CD3+ lymphocyte infiltration (PD-L1 TC Spearman correlation 0.34, p < 0.01; PD-L1 IC Spearman correlation 0.37, p < 0.01) and with CD8+ cytotoxic T-cell density (PD-L1 TC Spearman correlation 0.41; p < 0.01; PD-L1 IC Spearman correlation 0.42, p < 0.01).
Association of PD-L1, CD3 and CD8 expression with clinicopathological features
Tumours with MSI were associated with increased TC and IC PD-L1 staining (Figure 1(a,c) : PD-L1 TC P < 0.01; PD-L1 IC P < 0.001) and with increased CD3 and CD8 immune cell densities (Figure 1 (a,c): CD3 P < 0.05; CD8 P < 0.01). Statistical analysis indicated that, whilst there was no evidence for a significant association between Lauren subtype and PD-L1 TC or CD8, there was a significant association between Lauren subtype and PD-L1 IC and CD3, where diffuse type GC had significantly lower PD-L1 IC expression (p < 0.01) and significantly higher CD3 cell infiltrates (p = 0.027), compared to intestinal type GC (Figure 1d ). Of note, EBV+ GC demonstrated higher percentage of PD-L1 positivity on tumour and immune cells when compared to non-EBV GC tumours (p < 0.001, Figure 1e ) and also had a higher incidence of both CD3 and CD8 positive immune infiltrates (p < 0.01, Figure 1e ).
Association of PD-L1, CD8 and CD3 immune markers with survival
The median disease-free survival (DFS) and overall survival (OS) in this patient cohort were 57.2 (38.9-75.4) and 64.0 (47.7-77.2) months, respectively (95% confidence intervals). Both DFS and OS were significantly longer in GC patients with high CD3 (p < 0.01) or CD8 (p < 0.01) immune infiltrates, compared with patients with low CD3 or CD8 GCs (Figure 2(c,d) ). DFS and OS were significantly improved for patients with positive (≥ 1%) TC PD-L1 expression (OS p < 0.01) compared to negative TC PD-L1 expression ( Figure 2a ). In contrast, PD-L1 IC positivity was not associated with survival ( Figure 2b ). However, when the cut-off for defining PD-L1 IC positivity was raised to ≥ 5%, a significant association with both DFS and OS was observed (P < 0.01, Sup. Figure 3 ). Using this higher cut-off, 56% (212/379) tumours were PD-L1 IC positive (Table 2) . Multivariate analysis, adjusting for age, gender, Lauren subtype, TNM stage and metastasis, confirmed positive PD-L1 tumour membrane status (P < 0.01) and both high CD3 (OS P < 0.01; DFS p = 0.021) and high CD8 (OS P < 0.01; DFS p = 0.027) immune infiltrates as independent prognostic factors to predict better OS and DFS following surgery (Table 3) . As we previously reported, 19 patients with MSI-high tumours had better overall survival by both univariate and multivariate analysis (Table 3, p < 0.01 univariate and P < 0.05 multivariate). Moreover, when we divided the MSI or MSS cohort into sub-groups of either PD-L1 TC positive or negative tumours, within each cohort PD-L1 positive tumours had an improved OS (MSI p = 0.031; MSS p = 0.039), with the best outcome observed for patients with MSI-high/PD-L1 positive tumours and those with MSS/PD-L1 negative tumours having the worst outcome (Figure 1b) . Hence, MSI status and PD-L1 status in TC combine to influence the outcome of GC patients.
HER2-high and ATM-low are mutually exclusive segments, which differ in MSI and immune marker status As previously reported, 19 the majority of HER2 positive (IHC 3+) GCs were of the intestinal subtype (24/27, 88.9%) and were MSS (24/27, 88.9%). When the HER2-high (3+) segment was compared to the HER2 low (0) segment, there was a trend Figure 2 . Tumour PD-L1, CD3 and CD8 marker expression are prognostic for improved survival.
Kaplan-Meier estimates of overall survival (OS) and disease-free survival (DFS) according to (a) PD-L1 tumour cell (TC) positivity, (b) PD-L1 immune cell (IC) positivity, (c) CD3 + T cell densities, and (d) CD8+ cytotoxic T cell densities.
The cut-offs used were PD-L1 TC and IC (≥ 1%), CD3 (500 cells/mm2) and CD8 (600 cells/mm2). Data were statistically analysed by Cox Proportional Hazards (*P < 0.05, **P < 0.01, ***P < 0.001).
towards a lower incidence of TC PD-L1 (7.4% vs 17%; HER2 3+ vs 0, respectively) and CD8 (11.5% vs 21%; HER2 3+ vs 0, respectively) positivity (Figures 3c and 5 ) without statistical significance (Table 3) . Consistent with previous reports, 17, 18 we observed that 11.5% (43/373) of gastric tumours had ATM low expression by IHC (Table 2 ). This ATM low subtype was largely mutually exclusive with the HER2-high segment (only 1/27 HER2 positive tumours were ATM low). Of the ATM low tumours, 51.2% (22/43) were intestinal, 37.2% (16/43) were diffuse and 11.6% (5/43) were mixed subtype in Lauren classification. In agreement with published literature, 18 an increased incidence of MSI was observed within the ATM The cut-offs used were PD-L1 TC (≥ 1%), CD3 (500 cells/mm2) and CD8 (600 cells/mm2). Data were statistically analysed by Cox Proportional Hazards (*P < 0.05, **P < 0.01, ***P < 0.001). (Figures 3b and 5) . Although a significantly longer DFS (p = 0.02) was observed for patients with ATM low compared to ATM high GCs, this was not significant by multivariate analysis and no association was observed with OS (Table 3, Figure 3a) . Interestingly, within the ATM positive GCs, the subset with very high expressing ATM tumours (IHC 3+, 196/373) had a significantly worse outcome (Figure 3a 
Molecular subgroups and PD-L1, CD3 and CD8 T-cells
Finally, we have evaluated the prevalence of PD-L1 and immune infiltrates across previously published GC subgroups 19 ( Figure 4 ). Based on gene expression profiling, we previously defined 4 molecular subgroups; MSI, MSS/EMT (epithelial-to-mesenchymal transition), MSS/P53 active, and MSS/P53 inactive. 19 In the analysis, we included 300 GC specimens with molecular profiling available. The proportion of CD8 high was highest in MSI subtype (41.2%) followed by MSS/TP53 active (29.1%), EMT (23.9%) and MSS/TP53 inactive (11.2%). Distribution of CD3 + T cells were similar between MSS/TP53 active (74.7%), MSI (69.1%), EMT (60.9%) and lowest in MSS/TP53 inactive (44.9%). PDL-1 TC positivity was highest in the MSI subtype (44.1%), followed by MSS/TP53 active (12.7%), MSS/TP53 inactive (8.4%) and EMT (8.7%). This gene expression based classifier confirms the association of CD8 + T-cells and TC PD-L1 with MSI tumours.
Discussion
Here we have explored the association of the immune markers PD-L1, CD3 and CD8 with outcome and with other marker defined subgroups, namely ATM, HER2 and MSI, in a large Asian GC cohort. We show that TC PD-L1 expression is an independent prognostic factor predictive for better outcome in Asian GC patients. Furthermore, TC PD-L1 correlates with increased T-lymphocytes and cytotoxic T-cell infiltrates, as assessed by CD3 and CD8 marker expression and these markers are also prognostic for improved survival. PD-L1 status has been correlated with both favorable and unfavorable outcome in different cancers [20] [21] [22] [23] [24] [25] [26] and increased immune prevalence has also been reported to associate with improved clinical outcome. 27, 28 Previous GC studies have been contradictory, reporting that PD-L1 is associated with both good [29] [30] [31] [32] and poor prognosis [33] [34] [35] or has no association with survival. 36 The reason for these contradictory findings are uncertain, but could be attributable to use of different PD-L1 antibodies, assays and scoring systems or alternatively represent differences between GC cohorts.
Overall this study shows that in a Korean cohort of patients with immuno-competent gastric tumours have a better outcome and supports exploration of blockade of the PD-1/PD-L1 checkpoint as a potential therapeutic strategy for GC. Furthermore, PD-L1 staining and CD3/CD8 immune infiltrates are significantly associated with MSI-high and these observations are consistent with reports in GC 37 and CRC 14 and clinical data has shown that mismatch repair deficiency predicts for response to PD1 blockade. 13 Our data are also in agreement with several recent studies that demonstrated an association between PD-L1 and EBV-associated malignancies. 37, 38 Overall our findings suggest that EBV and MSI-high tumours are well placed to benefit from immune therapy. In contrast, the lack of association between immune markers and Lauren subtype suggests that patient stratification by Lauren classification alone may not be sufficient for PD-L1 therapy selection in immuno-competent GC. The cut-off value for PD-L1 positivity and comparison to other available PD-L1 antibodies for IHC should be evaluated in future studies.
Trastuzumab is the only targeted therapy currently approved for GC and high tumour HER2 expression by IHC is used to select patients for this therapy. 2, 39, 40 Another molecular subtype of GC, identifiable by IHC analysis, are ATM low expressing tumours but no approved targeted therapy exists for this molecular subtype. In the current study, it is clear that the ATM low and HER2 high segments are largely mutually exclusive with contrasting immune profiles. The ATM low segment is enriched for PD-L1, CD8 positive cytotoxic T-cells and MSI-high status, while the majority of HER2 high tumours are MSS with no enrichment for PD-L1 positivity nor for CD8 immune infiltrates. This suggests that the ATM-low segment is well placed to benefit from anti-PD-L1/ PD1 therapy. Interestingly within the subset of ATM positive tumours those cancers with the highest level of ATM expression (IHC 3+) had a worse outcome, together with a lower prevalence of both MSI-high and PD-L1 expression. ATM plays an essential role in the cellular DNA damage response necessary to maintain genome stability and clinically ATM mutations are associated with microsatellite mutations in the ATM gene. 18, 41, 42 The genomic instability induced by low/loss of ATM expression could result in the generation of neoantigens and an immunologically "hot" tumour microenvironment. This ATM low segment could benefit from combination therapy with immunotherapy and DDR inhibitors. Although in a Phase III study, the PARP inhibitor olaparib failed to deliver the expected benefit (Bang et al., ESMO 2016), other DDR inhibitors such as ATR inhibitors should be tested in GC, especially in those tumours that are ATM-low and PD-L1 positive. In contrast, it could be argued that the HER2 high segment is less likely to benefit from PD-L1/PD1 checkpoint therapy alone. In this regard it will be of interest to understand the effects of trastuzumab therapy on the tumour immune environment.
Here we have assessed the overlap and immune marker expression of GCs divided into four distinct molecular subgroups, namely ATM-low, HER2-high, PD-L1 positive and MSI-high ( Figure 5 ). Significant overlap exists between the ATM low, PD-L1 and MSI-high subgroups. Notably the ATM low and HER2 high segments are mutually exclusive and differ markedly in their immune profile, the "immunologically hot" ATM low segment being enriched for MSI-high, PD-L1 and CD8 while the HER2 segment is enriched for MSS, with no enrichment for immune markers. The PD-L1 segment is associated with T-cell infiltrates as assessed by CD3 and CD8 expression and is prognostic by multivariate analysis for better outcome, while the MSI-high segment is enriched for immune markers including PD-L1 and has significant overlap with the ATM-low but not HER2 segments. Recently pembrolizumab was approved by the U.S. FDA for use in any solid tumour with MSI-high (https://www.fda.gov/newsevents/ newsroom/pressannouncements/ucm560167.htm). In our study, when overlaid with the known ACRG molecular subgroups, PD-L1 was highly enriched in MSI subtype.
Limitations of this study include that it is a retrospective analysis conducted on a GC cohort collected at a single Korean institution. While these observations do need to be confirmed in Western GC, it has similarly been reported that PDL1 is associated with EBV+, MSI-high and is an independent survival prognosticator in a Western cohort of 465 GC (Boger et al). In the current study tumour samples are from patients undergoing primary resection and further studies are required to determine whether the observations apply to metastatic cancers.
In conclusion, this study adds to the body of evidence illustrating that in GC PDL1, CD3/CD8 and MSI-high are prognostic markers and highlights the potential for molecular subsets of GC to respond differently to immune therapy.
Materials and methods
For full details please see online supplementary materials and methods
Cohort
Samsung Medical Centre, Seoul, Korea, procured the n = 380 primary independent GC specimens at the time of total or subtotal gastrectomy from 2004-2007. 19 Of the initial 380 patients, 347 met the full study inclusion criteria (Sup. Fig. 1) . All of the tissue specimens were at chemo-naïve state during primary resection of gastric cancer. Samsung Medical Centre Institutional Review Board (IRB no. 2010-12-088) approved the protocol and informed consent was obtained according to the IRB protocol.
Immunohistochemistry CD3 and CD8 IHC was carried out as previously described. 43 In brief, anti-CD3 2GV6 (Ventana, 790-4341) and anti-CD8 C8/144B (Dako, M7103) were quantified using image analysis. Anti-PD-L1 E1L3N (Cell Signaling Technologies, 13684) was evaluated by a pathologist determining frequency and staining intensity on the membrane of tumour cells and the percentage of PD-L1+ immune cells (macrophages, dendritic cells, and lymphocytes). 44 Anti-ATM antibody Y170 (Abcam, ab32420), anti-HER2 (PATHWAY® HER-2/neu (4B5 (Ventana Medical Systems) and anti-NCL-L-MLH1 (Novocastra, Leica) were quantified via pathology (scoring (please see supplementary methods).
Ebv-encoded RNA in situ hybridization
The in-situ hybridization procedure was performed on the fully automated BOND-MAX system, with an EBV-encoded RNA probe (Leica Biosystem) following the manufacturer's instructions. Only cases with a strong signal within more than 95% of tumour cell nuclei were considered to be positive.
Microsatellite instability
The MSI test was performed using multiplex PCR comprising five quasimonomorphic mononucleotide repeat markers (NR27, NR21, NR24, BAT25, and BAT26). 45 Samples with no allelic size variations in any of the microsatellites were classified as microsatellite stable (MSS). Tumours with allelic size variations in one (NR24) or more of the microsatellites were considered MSI-high.
Statistical analysis
Associations between categorical variables were assessed for significance by Fisher's exact test. Associations between numerical and categorical markers were assessed by Kruskal-Wallis test and\or Mann-whitney test. Median survival times and confidence intervals were calculated by Kaplan Meier estimation. Hazard ratios were calculated by Cox proportional hazards modelling, with each marker modelled by a univariate model and also by a multivariate model incorporating age, gender, Lauren subtype, TNM stage and metastasis as covariates. For all statistical analysis p < 0.05 was considered statistically significant. Differences in survival were also considered significant at p < 0.05. No consideration was given to multiplicity of testing due to the exploratory nature of this study. In silico validation of the CD3 and CD8 data were achieved, where optimal cut-points were determined using the k-folds validation approach with bootstrapping. Agreement was seen with those determined from a visual assessment of hazard ratio and associated confidence intervals (Sup. Figure 2) .
